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Abstract. The present study assesses the effect of exposure to high temperatures on engi-
neering and durability performances of stabilized compressed earth blocks (CEB). The CEB were
produced using clay-rich earthen material stabilized with 8% cement and 10% lime-rich binder.
CEB, cured in ambient conditions, were exposed to various temperatures up to 1200 °C for
2 hours. The test results showed that the performances of CEB were maintained or even improved
up to a certain temperature. After exposure to 600°C, the dry compressive strength increased
from 6.6 to 11.7 MPa ; i.e. 1.8 times; and from 3.2 to 6 MPa; i.e. 1.6 times; respectively for CEB
stabilized with cement and lime. It remarkably decreased beyond 600°C. Similar evolutions were
observed for the wet compressive strength. The loss of performance after exposure to more than
600 °C was related to the cracks on the surface of the CEB. This was confirmed by the increase
of the water absorption capacity of the CEB. After exposure to 1200 °C, the coefficient of capil-
lary absorption exponentially increased 15.6 and 8.2 times respectively for CEB stabilized with
cement and lime. Moreover, the coefficient of abrasion resistance was increased from 13.3 to
33.2 cm’/g and decreased from 13.3 to 6.2 cm®/g up to 600 °C respectively for CEB stabilized
with cement and lime. This study shows that the CEB stabilized with cementitious binders can at
least maintain their performance up to 600°C.
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1 Introduction

There are numerous non-technical advantages and a wide range of architectural possi-
bilities offered by earthen materials in terms of thermal comfort, improved health con-
ditions, and potential energy and economic savings, among others. Many scientific
studies have recently been interested in earth as an alternative construction material to



provide sufficient scientific knowledge for the reduction of the share of CO, emissions
in the building sector. For instance, compressed earth blocks (CEB) are stabilized with
mineral cementitious binders such as cement or lime to improve their mechanical and
durable performances. Many studies have largely evaluated different properties of sta-
bilized CEB, namely physical, water, mechanical resistances, and durability for appli-
cations in ambient conditions [1-7]. However, there have been rare studies that focused
on the behavior of stabilized CEB in non-ambient conditions, such as in fire, or other
forms of exposure to high-temperatures [6,8-10]. It is therefore important to assess the
resistance of such stabilized CEBs when subjected to this type of exposure.

Different water removal processes are involved during the heating of clay materials.
There is evaporation accompanied by the loss of free capillary and absorbed water, up
to 150°C. Dehydration is accompanied by the loss of bound mechanical and chemical
water in between the clay platelets, until around 750 °C. The dehydroxylation is ac-
companied by the loss of structural water in the form of the hydroxyl groups from the
containing minerals such as clay; which can go up to 900-1200 °C. Beyond these tem-
peratures, there is vitrification which can be accompanied by excessive thermal shrink-
age [9,11]. These phenomena may occur simultaneously and would rather depend on
the existing compounds in the clay materials, the environment, and the rate of heating.
Rapid heating can cause a steam atmosphere to persist outside and inside the bricks,
causing restrictive circumstances which can result in discoloration [6].

It is therefore important to assess the performances of CEB when they are exposed
to undesired high temperatures during their service life such as in scenario of fire or for
application at high temperatures. In fact, there have been some interests in using CEB
for envelope of incinerators or furnaces for various applications (Fig. 1). Some prelim-
inary studies have attempted to assess the behaviors of different composition of earth-
based materials exposed to high temperatures with various interests such as the evalu-
ation of the thermal instability of unstabilized rammed earth, the effect of water content
and stabilization, effect on the compressive and abrasion resistance [6,8-10,12].

The present study aims to assess the effect of high temperature on engineering prop-
erties and some durability indicators of CEB stabilized with cementitious mineral bind-
ers. It specifically evaluates the physico-mechanical and water resistances of the stabi-
lized CEB before and after exposure to high temperature.

Fig. 1. lllustration view of incinerators at a) SONABEL and b) ISIG in Bobo Dioulasso, Burkina
Faso



2 Materials and Methods

2.1  Materials

Clayey earthen materials commonly called laterite was used as the main matrix of CEB.
The cementitious binders for the stabilization of CEB consist of the Portland cement
(CEM), and lime-rich calcium carbide residue (CCR). The lateritic earth was collected
from the locality of Kamboinsé located 15 km North of Ouagadougou. This laterite had
been previously characterized for its suitability to produce stabilized CEB. The physi-
cochemical and mineralogical characterization showed that this material behaves as a
clay-silt of medium to high plasticity and contains up to 75 % of kaolinite clay and
quartz minerals. It was suitable to produce stabilized CEB [13]. The cement is
CEMII/AP/42.5 N, produced by Diamond Cement factory around Ouagadougou. The
lime-rich CCR is an industrial by-product from the production of acetylene gas by the
local company BIG (Burkina Industrial Gas). The CCR contains up to 50% of Ca(OH),
and various forms of Ca(CO)s. It was also previously used to stabilize CEB after grind-
ing and sieving down to a particle size of 400 um [2].

2.2 Production and Curing of CEB

The CEB were produced from the two types of mix design: stabilization with 8% ce-
ment (CEM-CEB) and stabilization with 10% CCR (CCR-CEB), as recommended from
the previous study [13] [2]. Firstly, the dry mixture of earth and binder was homoge-
nized; and then humidified with water at the respective optimum water content of each
mix [2]. The wet mixtures were poured into a 29.5 x14 x9.5 cm?® prismatic mold of a
TERSTARAM manual press and compressed to produce CEB.

The CEB were carefully covered in polymeric bags and stored for curing at the am-
bient temperature of the laboratory 30+5 °C, at the production humidity. The curing in
polymeric bags allows the CEB to retain their humidity for the hydration and/or poz-
zolanic reaction take place properly for the stabilization with cement or lime, respec-
tively. The curing period was 28 days for the CEM-CEB and 45 days for the CCR-CEB,
according to previous study [14]. After the curing, the CEB were slowly dried to con-
stant mass in an oven at 60°C and exposed to high temperature.

2.3 Exposure to High Temperatures

The CEB were placed in an LH 30/14 furnace and exposed to various high temperatures
at a heating rate of 5 °C/min and soaking time of 2 hours. The CEB were heated to the
maximum temperatures of 300°C, 600°C, 900°C, 1200°C. Fig. 2 presents the three
stages heating profile: the heating phase at 5 °C/min, the soaking phase of 2 hour, and
finally the cooling phase in the furnace. After exposure to high temperatures, the CEB
were inspected for any physical changes on their surface.
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Fig. 2. Heating profile of CEB over the time

2.4  Characterization of CEB

The physico-mechanical and durability properties of CEB were tested before and after
exposure to high temperatures. Capillary water absorption was determined according
to PR XP P 13-901 [15]. The dry samples were partially immersed at a constant water
height of 0.5 cm and weighed over a period of 24 hours. The variation of the mass (M-
Mo in g) of the specimen due to capillary absorption through the surface (S in cm2) over
time allowed to determine the coefficient of capillary absorption (Ca in g/cm?) using
equation 1. The bulk density, water accessible porosity and total water absorption were
characterized through the hydrostatic weighing test, following NF P18-459 [16] . It
consists of weighing the specimen in dry and saturated conditions; the dry mass (Mgry
in kg), the saturated mass weighed in air (Mg, »i, in K@), and the saturated mass weighed
in water (Mg, water iN Kg). Knowing the density of water (p,,qzer in kg/m®) allows to
determine the water accessible porosity (WAP in %), the bulk density (p,, in kg/m?) and
the total water absorption (TWA in %) of CEB respectively in equations 2, 3, and 4.
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The compressive resistance was determined on dry and wet CEB, after two hours
immersion in water, according to PR XP P13-091 [15], using a hydraulic press
(ETI-PROETI) which has a capacity a capacity of 300 kN. The test was carried out at
loading speed of 0.02 mm/s until the failure of the specimens. The maximum load to
failure (Fmax in N) and the cross-section area of the specimens (S in cm?) allow to
determine the values of the compressive resistances (Rc in MPa), in equation 5. The
abrasion resistance was determined on dry and wet CEB, according to PR XP P13-091



[15], using a steel wire brush loaded with a mass of 3 Kg. The specimen was brushed
by 60 rounds on a surface (S in cm?) and the mass of the specimen (M1 in g), after the
test, was compared to the mass of the specimen (MO in g), before the test. The coeffi-
cient of resistance to abrasion (Cb in cm2/g) was calculated using equation 6.
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3 Results and Discussion

3.1  Effect on visual aspects of CEB

The CEB stabilized with cementitious binders underwent color changes throughout the exposure
to high temperature. Fig. 3 shows that the color of CEB changed from pale brown to dark
brown/grey, respectively for CEM-CEB and CCR-CEB. These changes can be related to several
thermochemical reactions, including the dehydroxylation of clay mineral and oxidation of ferrous
minerals in the brick, which occur when the temperature reaches 600-1200 °C [11]. The surface
of the CEB exposed to 1200 °C shows the visible cracks which can be related to the thermal
shock. These cracks would be linked to unconstrained volume expansion, which initiates crack
propagation. The color change to dark grey of CCR-CEB can be related to the decomposition of
Ca(CO)g, initially from the CCR or formed by the carbonation of Ca(OH)2, which shows very
remarkable cracks and a burn color [11].
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Fig. 3. Effect on appearance of CEB stabilized with CEM (left) and CCR (right)




3.2  Effect on Bulk density and water accessible porosity

Fig. 4 presents the evolution of bulk density and water-accessible porosity of stabilized
CEB after exposure to high temperature, relatively to the bulk density and porosity at
ambient temperature. It shows that the apparent density decreases (0.9 times) inversely
with the increase of the porosity (1.2 times), with the increases of the exposure temper-
ature. This can be related to the loss of the mechanical water, the production water,
which remained after the initial drying at 60°C and subsequently the chemical water
[11]. The CEM-CEB exposed to 1200 °C reached the highest porosity (32 %) and the
lowest density of 1661 kg/m?; while they had the porosity of 26% and the density of
1861 kg/m3 at room temperature. The CCR-CEB exposed to 1200 °C reached the po-
rosity of 38 % and the density of 1641 kg/m? respectively from 33% and 1749 kg/m3
at ambient temperature (Fig. 4).
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Fig. 4. Evolution of bulk density and water accessible porosity with the exposure temperature of
CEB stabilized with a) CEM and b) CCR

Table 1. Evolution of the coefficient of absorption of CEB stabilized with CEM and CCR

Po WAP S

ces I komd)  o0)  (gommin) g tmer Class [15] o
Tam 1861 26 0.08 7 Very slightly capillary 9.0
300 1885 30 0.1 9 Very slightly capillary 11.7

CEM 600 1812 29 0.23 15 Very slightly capillary 17.1
900 1704 30 - 57 - 18.6
1200 1661 32 - 104 - 20.5
Tam 1749 33 0.13 13 Very slightly capillary 18.3
300 1735 36 0.14 11 Very slightly capillary 20.4

CCR 600 1642 41 0.34 19 Very slightly capillary 24.4
900 1635 40 - 60 - 2338
1200 1641 38 - 103 - 226

pp= Bulk density, WAP = Water accessible porosity, Cpiomin = Coefficient of capillary absorption initially in macropore in
the first 10 minutes; S = sorptivity coefficient of capillary absorption in capillary pores, TWA = Total water absorption

At ambient temperature, the hydration products formed from the cement and lime
such as the calcium silicates (CSH) bind the particles of the matrix and thus creating



the densification of the CEB [3]. At higher temperature, the dehydration and dehydrox-
ylation phenomena created supplementary porosity, eventually accompanied by the for-
mation of cracks which created more porosity and therefore lesser mass weigh [9].

3.3 Effect on Water Absorption

The evolution of water absorption over the exposure to high temperature was assessed
on the rate of capillary absorption and the capacity of absorption by total immersion.
Fig. 5 shows the rate of capillary absorption (sorptivity) of CEB in capillary pore, be-
tween 1 hour and 24 hours or the saturation. It shows that the rate increases with the
exposure temperature, and more drastically beyond 600°C, where the absorption
reaches the saturation before the first hours. This rate of capillary absorption is higher
for materials which have larger diameter of capillary pore [17]. In fact, the first absorp-
tion (the first rate in the first hour) takes place in the macropores, and the late in the
capillary pores [1]. This confirms that the exposure of CEB to higher temperature
(>600 °C) creates more macropore than capillary pores related to the formation of sur-
face and possibly internal cracks. The sorptivity increased from 0.08 to
0.23 g/cm?min®® and 0.13 to 0.34 g/cm?.min®® respectively for CEM-CEB and
CCR-CEB (Fig. 5). This suggests a relative increase of the diameter of capillary pores
during the drying phase in the first 600 °C, followed by the crack degradations and
formation of macropores beyond the 600 °C.
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Fig. 5. Evolution of capillary absorption rate of stabilized with : a) CEM, b) and CCR

The coefficient of capillary absorption initially in macropore was also evaluated in the
first 10 minutes (Cypiomin). The Cpiomin €ffectively increased with the exposure tempera-
ture up to 15.6 times and 8.2 times respectively for CEM-CEB and CCR-CEB (Table
1); which were from 7 to 104 g/cm2.min®%.% and from 13 to 103 g/cm2.min®®.% (Table
1). These CEB can still be labelled as very slightly capillary up to 600°C, as their Cyiomin
was still lower than 20 g/cm2.min®®.%, beyond which the Cpiomin Was higher than the
up limit of 40 g/cm2.min®5.% slightly capillary CEB. In fact, a quasi-exponential in-
crease of the Cpiomin Was observed beyond 600 °C; which shows a drastic increase in
the macropores related back to the formation of the cracks (3.1). This can generally be



explained by the evaporation and dehydration phase which created the porosity and
made the CEB sensitive to water absorption [18]. From 900 °C, the pores became larger
and eventually continuous/ connected due to the cracks formation possibly associated
with the transformation of minerals and/or thermal shock. This had negative effect of
the absorption coefficient, precisely the Cbiomin.

The water absorption capacity by total immersion for 24 hours (TWA) evolved like
capillary absorption. Fig. 6 shows that the increase of the exposure temperature, in-
creased the TWA up to 2.3times and 1.3 times respectively for CEM-CEB and
CCR-CEB. Table 1 shows that the TWA reached 17.1 % and 24.4 % after exposure to
600 °C, from 9 % and 18.3 % at room temperature respectively for CEM-CEB and
CCR-CEB. Beyond the 600 °C, the TWA kept increasing for CEM-CEB and slightly
decreased for CCR-CEB. This suggests that the crack observed on the CEB beyond the
600 °C were deeper and more connected in CEM-CEB than in CCR-CEB. It made the
TWA reaches more than 20 % recommended for CEB useful in contact with water [19].
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Fig. 6. Evolution of total water absorption by total of CEB stabilized with: CEM and b) CCR

3.4  Effect on Compressive resistance

Fig. 7 presents the evolution of the dry and wet compressive resistance of stabilized
CEB with exposure temperatures. Increasing the exposure temperature up to 600°C in-
creased the dry resistance up to 1.8 times and 1.6 times and the wet resistance up to
1.7 times and 1.7 times respectively for CEM-CEB and CCR-CEB. The increase of the
dry compressive resistance was in the ranges of 6.6 to 11.7 MPa and 3.2 to 6 MPa for
CEM-CEB and CCR-CEB, respectively. This increase can be related to the dry-hard-
ening effect with exposure up to 600 °C, which increased more the compressive re-
sistance in the dry conditions (Rcd) than in wet condition (Rcw). In fact, the ratios
Rcw/Rcd decreased from 0.71 to 0.67 for CEM-CEB and slightly increased from 0.65
to 0.69 for CCR-CEB (Table 2). This is due to the increase of the water accessible
porosity and the sensibility to water. Although, both the dry and wet resistance de-
creased beyond 600 °C (Table 2), the ratios Rcw/Rcd increased to 1.08 for CEM-CEB
and 0.91 for CCR-CEB at 1200 °C (Table 2). This can be related to the firing effect



which maintained the same stability of the CEB in dry and wet conditions, even though
the porosity and cracks kept increasing.

The evolution of the resistance is comparable to the 58 % increase (4.2 to 6.6 MPa)
previously reported for CEB stabilized with 8% cement and heated at 600°C [6]. Bakam
et al [8] also reported a strength of 1.2 MPa and 2.4 MPa for CEB stabilized with 2%
cement respectively exposed to 200°C and 800°C. Table 2 classifies CEB before and
after exposure to high temperature, according to the PR XP P 13-901 [15]. Moreover,
the coefficient of structural efficiency (CSE), ratio Rcd/p,, increased 1.8 times for
CEM-CEB and 1.7 times for CCR-CEB until 600 °C, then decreased. This confirms
that the structural stability of CEB was maintained until 600 °C. Therefore, the struc-
tural class of CEB varied from CEB60, CEB which can withstand a stress of 6 MPa,
down to CEB20 that can withstand 2 MPa in dry conditions. It is noteworthy that
CEBG60 can be used in load-bearing in wall masonry [20].
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Fig. 7. Evolution of resistance to compression with the exposure temperature of CEB stabilized
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Table 2. Classification of CEB based on the compressive and abrasive resistance

Rcw/RCd CSE Ca

cee S e b 0 OSOS (hg) g O
Tam 6.6 47 0.71 CEB60 3546 23 CEB60

300 9.1 5.1 0.56 CEB60 4838 33 CEB60

CEM 600 11.7 79 0.67 CEB60 6446 33 CEB60
900 48 49 1.03 CEB40 2795 27 CEB60

1200 13 1.4 1.05 CEB10 779 5 CEB20

Tam 3.2 21 0.65 CEB20 1836 13 CEB60

300 5 2.1 0.43 CEB40 2856 8 CEB60

CCR 600 5.1 35 0.69 CEB60 3087 6 CEB40
900 29 14 0.49 CEB20 1759 5 CEB20

1200 0.8 0.8 0.91 500 4 CEB20

Rcd/w = Compressive resistance in dry/wet conditions, CSE = Coefficient of structural efficiency
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3.5 Effect on Abrasion Resistance

The coefficient of abrasion resistance (Ch) evolved for CEM-CEB differently to
CCR-CEM. The Cb was stable until 600 °C for CEM-CEB and decreased down to
0.2 times; contrary to the CCR-CEB which decreased immediately and continuous
down to 0.3 times (Table 2). This suggests that the CCR-CEB suffered more surface
and superficial degradations from the beginning of exposure to high temperature than
the CEM-CEB which rather suffered deeper degradation and at higher temperature
(1200 °C). Table 2 shows that all the CEB maintained at least the class of CEB40, with
at least the Cb of 5 cm2/g until 600 °C [7] .

4 Conclusion

The overall objective of this study was to assess the performance of CEB stabilized
with cementitious binders at high temperature. In this study, the interest was to deter-
mine the residual engineering properties and durability indicators of CEB. The results
of the various tests show that increasing the exposure temperature up to 600°C gener-
ally improves the main properties of CEB, followed by the loss some performances up
until 1200 °C tested in the present study.

The CEB maintained the physical (surface stability) until 600 °C and underwent sig-
nificant crack degradations beyond. These cracks drastically increased the (water ac-
cessible) porosity and water absorption (rate) due to the drying and burning effects.
Similarly, the structural stability was improved until 600 °C, and decreased. However,
the burning effect improved the water sensitivity of CEB, as their compressive re-
sistance in wet condition was almost as similar as the resistance in dry condition. More
specifically, exposure to high temperatures increased the compressive resistance from
6.6 to 11.7 MPa for CEM-CEB and from 3.2 to 6 MPa for CCR-CEB in dry condition,
allowing to reach a structural class of CEB60 for load-bearing at lower than 600°C.
Although the coefficient of surface abrasion resistance continuously decreased, it re-
mained higher than 7 cm2/g required for CEB60, except for CCR-CEB, until 600 °C.
Furthermore, the increase of the coefficient of capillary absorption initially in
macropores (Cb10min <20 g/cm2.min®®.%) and the sorptivity in the capillary pores
(S <0.34 g/cm2.min®) was relatively limited until 600 °C to classified the CEB as
weakly capillary.

This study allows to conclude that the performances of CEB stabilized with cementi-
tious binders are relatively stable up until exposure to 600 °C. Beyond this temperature,
the precautions need to be taken in terms of structural stability in both dry and wet
conditions to fulfill the designed application.
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